White light generation over three octaves by femtosecond filament at 3.9 µm in argon We report first experimental results and numerical simulations on mid-IR femtosecond pulse filamentation in argon using 0.1-TW-peak-power, 80-fs, 3.9-µm pulses. Broadband super-continuum spanning the spectral range from 350 nm to 5 µm is generated, whereby about 4% of the mid-IR pulse energy is converted into 350-1700 nm spectral region. This mid-IR-visible coherent continua offer a new unique tool for time-resolved spectroscopy based on a mid-IR filamentation laser source.
Since the first experimental observations of femtosecond laser filaments in air [1] , filamentation of high power femtosecond laser pulses in gases, liquids and solids became one of the hottest topics in modern nonlinear optics. Apart from a large variety of new spatio-temporal nonlinear optical phenomena, femtosecond filaments open new perspectives in many important applications, such as remote spectroscopy of the atmosphere, triggering of high-voltage discharges, water condensation, terahertz emission sources and others [2, 3] . To date, experimental research on femtosecond pulse filamentation has been almost exclusively carried out at the wavelength of 0.8 µm [2] . Femtosecond filamentation with long-wavelength sources presents a daunting challenge because of the Pcr∝λ 2 scaling of the critical power of self-focusing with the laser wavelength. Realization of femtosecond mid-IR filamentation would allow one to overcome the shortcomings of the current 0.8-µm technology. First, mid-IR supercontinua are needed to reach the molecular fingerprint region (fundamental vibrational and rovibrational transitions) above 2.5 µm. Second, the combination of a longer wavelength and a high intensity would ensure that tunneling is the predominant ionization mechanism and would enhance the THz emission from the filament [4] . Finally, the higher critical power allows generating single filaments of energy up to 25 times higher than at 800 nm.
With the emergence of intense-pulse OPCPA systems, new spectral regions are opening up. As it was shown by numerical simulations, new regimes of nonlinear optical interaction are expected in a filament with increasing laser wavelength [5] . In particular, improved phase matching conditions for third harmonic generation at longer driving wavelength was argued as the reason for more efficient spectral continuum generation [5] . Since the typical length of pulse self-steepening scales as the ratio of the pulse width over the field cycle, the highfrequency part of the supercontinuum spectrum generated by few-cycle laser pulses, as in the experiments presented below in this paper, can be also enhanced by self-steepening. Previously, we have demonstrated filamentation leading to an efficient pulse self-compression at the wavelength of 1.5 µm [6] . Here, we report on the first to our knowledge experimental observation of femtosecond mid-IR pulse driven filamentation and supercontinuum generation in argon covering both mid-IR and visible spectral ranges.
Experiments were performed with an OPCPA system delivering up to 12-mJ, 80-fs (>130 GW peak power) pulses centered at 3.9 µm at a repetition rate of 20 Hz [7] . Due to the absence of data on the nonlinear refraction indices of gases at this wavelength, and considering that the non-linear refractive index is expected to have little dispersion in the IR [8] , the value of the critical power of self-focusing was estimated by taking the value of Pcr at 0.8 µm and applying the λ 2 scaling law. Since the estimated value of ~200 GW for atmospheric pressure is beyond the current capacity of the OPCPA source the deficit of peak power was compensated by increasing argon pressure in a gas cell.
We performed measurements in a soft focusing geometry by focusing the 12 mm e -2 -diameter, M 2 =1.22 input beam by an f=2 m mirror into a 4.7-m-log gas cell, having 3-mm thick CaF2 Brewster windows. The output beam profile was analyzed with a pyroelectric camera. The spectra in the ranges 350-1700 nm and 2-6 µm were recorded by using respectively a spectral analyzer (AQ-6315A, Ando) and a 1/2-meter scanning monochromator (Digikröm, CVI) equipped with a liquid nitrogen cooled InSb photodetector (J10D, Teledyne Judson). For spectral measurements, the beam from the gas cell output was reflected by a CaF2 wedge and prism and focused into the input monochromator slit with the total optical path about 1.5-2 m. The spectra were merged by independently measuring the whole spectrum with a low-resolution home-built spectrometer based on CaF2 prisms and a multi-channel pyroelectric detector that has a flat spectral response in the entire 0.35-6 µm spectral range.
Characterization of the longitudinal plasma distribution in the filament was carried out with two electrodes spaced by 1 cm and biased at 500 V, movable inside the cell. The current flowing between the electrodes is proportional to the electron density [9] .
Filamentation in argon has been observed at the pressure about 3-3.5 bar and is manifested by a shift of the focus toward the laser source, the appearance of plasma as confirmed by a current between the electrodes, and a significant contraction of the output beam size. Further increase of the pressure to 4 bar results in appearance of a dazzling white-light beam surrounded by a ring structure of conical emission. The spectrum measured in argon at 4.5 bar pressure for 6.5 mJ incident energy pulses is given in Fig.1a and spans from the UV to 5 µm. The shadowed bar from 1800 nm to 2000 nm shows the blind region not covered by the spectrometers. However, measurements with the low-resolution home-made spectrometer confirm that the spectrum is continuous in the whole range from 350 nm to 5 µm. The filament length measured with the electrodes in this case is about 80 cm foot-to foot (Fig.  1b) , which is approximately 5 times the corresponding Rayleigh length. The overall energy conversion efficiency from the mid-IR fundamental pulses to the 350 nm-1.7 µm range is measured to be 4%.
In order to gain insight into the mechanism behind such efficient supercontinuum generation, we have investigated the spectral dynamics as a function of argon pressure (Fig.2) . Attention was focused on the spectral regions in the vicinity of third and fifth harmonics of the fundamental frequency. In this experiment, infrared and visible-UV spectrometers were used to measure the spectra of the third and the fifth harmonics, covering the spectral ranges of 1.2-1.7 µm and 240-1100 nm, respectively. The measurements show that the supercontinuum builds up via an efficient four-wave mixing between the fundamental 3.9-µm light and its harmonics generated in argon, as was observed in the case of 800 nm pulses [10] . At lower argon pressures (around 1 bar), the spectrum of the third and fifth harmonics corresponds to a frequencyconverted fundamental spectrum. Approaching filamentation threshold around 3.5 bar, the interaction length increases dramatically, increasing substantially spectral broadening on the fundamental and harmonics frequencies. In combination with the plasma blue shift, this spectral broadening merges spectra of individual harmonics and leads to the formation of an ultrabroadband spectral continuum.
To understand the filamentation of ultrashort mid-IR pulses, we use a numerical model based on the numerical solution of the field evolution equation described in detail elsewhere [11] with the nonlinear polarization term modified to include [12] the difference in the frequency arguments of nonlinear susceptibilities
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where τc is the collision time.
In order to match the experimental conditions in the numerical modeling the input field is assumed to have a Gaussian spatial beam profile and a 6th-order superGaussian temporal envelope with a pulse width of 80 fs and an initial energy of 6.5 mJ. The central wavelength of the input field is 3.9 µm. In the lack of nonlinear experimental coefficients for argon at 3.9 µm, we fitted them to optimize the agreement of the numerical simulations with the experiment, obtaining n2=2.
(patm /p) fs, where p is the gas pressure and patm is the atmospheric pressure. Considering non-linearity beyond the fifth-order was not necessary to fit the experimental data. The complex linear refractive index of argon was included through the appropriate modification of the Sellmeier equation.
The diffraction and dispersion operators were calculated using the Hankel and Fourier transforms, respectively. The equation for the electron density was solved by using the fifth-order Runge-Kutta method with an adaptive step in z. Numerical algorithms were implemented in parallel codes using 128 processors in parallel. An overall computational complexity of the problem is on the order of 10 PFlop. Computations were performed on Chebyshev and Lomonosov supercomputers at Moscow State University.
As can be seen from the comparison of experimental results with numerical simulations in Figs. 1 and 2, our theoretical model with the above-specified nonlinear susceptibilities can simultaneously provide an accurate fit for both the spectra measured at the output of the filament for different pressures of argon (cf. solid and dashed lines in Fig.2 ) and electron density measurements in the filament (solid and dashed lines in Fig.1b) . The numerical simulations show that the generation of the fifth harmonics via a cascaded fourwave mixing between the fundamental and third harmonics pulses becomes prominent at higher argon pressures. Also, with the validation of our model confirmed by the Fig.1, 2 , results of simulations based on this model can be used to quantify the key properties of filaments induced by mid-IR pulses. In particular, a typical radius of the filament generated under the above-specified experimental conditions is estimated as 200 -300 µm, while the electron density achieved on the axis of the filament in these experiments is below 10 15 cm −3 and the intensity on the filament axis is 45 TW W/cm 2 . The higher-order Kerr-effect coefficient n4 providing the best agreement between the results of our experiments and simulations is within an order of magnitude from the values of n4 at a wavelength of 800 nm determined by other methods [15] . This difference is reasonable since the wavelength range examined in our experiments is significantly different and higher order optical nonlinearities might come into play. We note that, at the intensity of 45 TW/cm 2 of our filament, our n4 I 2 term almost coincides numerically with a sum of the n4 through n10 terms based on the values reported in [16] .
In conclusion, we presented the first experimental demonstration and spectral characterization of a femtosecond filament produced in argon with mid-IR high power laser source. Highly efficient generation of a mid-IR and UV-visible spectral continua, spreading over more than three-octaves, is demonstrated. Results of numerical modeling of filamentation demonstrate good agreement with the experiment and confirm experimental observations that efficient generation of low order harmonics together with the spectral broadening of the fundamental pulse is the main mechanism of ultra-broadband continuum generation. Obtained results open new perspectives for timeresolved spectroscopy in the particularly important "molecular fingerprint" spectral region beyond 2.5 µm. In combination with the difference frequency generation technique based on the four-wave mixing in the filament [17] , generation of a coherent spectral continuum spanning the whole range from UV to 12 µm should be possible with the high power mid-IR source used in the experiments. 
